In the budding yeast Saccharomyces cereviziae, the RENT protein complex regulates mitotic exit, nucleolar silencing, and Nop1 localization through its three known components: Cdc14, Sir2, and Net1 (also known 
Introduction budded cells with segregated chromosomes, elongated spindles, and in all tested cases, elevated Cdc28 acUnexpected links between the nucleolus and the cell tivity. cycle have been uncovered (reviewed by Garcia and To address how the MEN is organized and regulated, Pillus, 1999; Cockell and Gasser, 1999).
we previously sought telophase arrest bypassed (tab) mutants that alleviate the essential requirement for CDC15 and TEM1. One of these mutants, tab2-1 (net1-1), enabled Clb2 degradation and Sic1 accumulation even in the in pre-rRNA processing and ribosome assembly, is delocalized from the nucleolus in net1⌬ cells (Straight et al., absence of Tem1 (Shou et al., 1999) . Further characterization of Net1 led us and others to propose the "RENT 1999). Although it is not known whether delocalization of Nop1 impedes cell growth, we tested whether the control" hypothesis: Throughout most of the cell cycle, Net1 sequesters Cdc14 in the nucleolus and inhibits RRN3 plasmid affected Nop1 localization in net1 mutants. Whereas Nop1 assumed a characteristic nucleolar its phosphatase activity. As cells exit mitosis, a TEM1/ CDC15-dependent signal leads to disassembly of the localization pattern (a crescent-shaped structure abutting the nucleus) in 98% of wild-type cells, only 17% RENT complex, causing Cdc14 and Sir2 to vacate the nucleolus (Shou et al., 1999 ; Straight et al., 1999; Visintin of net1-1 cells showed a significant or complete Nop1 localization to the nucleolus at 37ЊC ( Figure 1D ). Howet al., 1999). The evicted Cdc14 subsequently catalyzes Cdc28 inactivation (Visintin et al., 1998; Jaspersen et ever, this fraction was increased to 64% by the RRN3 plasmid ( Figure 1D) . Similarly, the fraction of cells with al., 1999). However, it is unknown whether release of Cdc14 from the nucleolus is sufficient to bypass cdc15⌬ significant or complete localization of Nop1 to the nucleolus was increased from 9% in net1⌬ to 46% in net1⌬ and tem1⌬.
In this study, we describe new functions of Net1 in [RRN3] at 25ЊC ( Figure 1D ). Thus, RRN3 on a centromeric plasmid partially restored correct Nop1 localization in the nucleolus: It directly activates synthesis of rRNA by RNA Pol I and plays a general role in regulating nucleolar net1 mutants, suggesting that the growth defect of these mutants arose from a disruption of nucleolar structure structure. The perturbed nucleolar structure in net1-1 cells raises the possibility that mislocalized nucleolar and function. proteins other than Cdc14 could cause or contribute to the cdc15⌬ bypass phenotype. Characterization of a rRNA Synthesis Is Reduced in net1-1 second tab locus, TAB6-1, proves this possibility unGiven that extra Rrn3, a transcription factor for Pol I, likely and provides key support to the RENT control suppressed the ts growth defect of net1 mutants, a key hypothesis. TAB6-1 is a dominant allele of CDC14 that function of Net1 might be to sustain Pol I activity. To bypasses cdc15⌬ and tem1⌬ without perturbing nucleotest this hypothesis, we evaluated rRNA and actin mRNA lar structure or Pol I function. Thus, the release of Cdc14 accumulation in net1-1 mutants by ethidium bromide from the nucleolus is sufficient to trigger mitotic exit in staining and Northern blotting, respectively. The level the absence of MEN proteins, and the role of RENT of rRNA in net1-1 cells at 37ЊC, normalized to actin in cell cycle control can be uncoupled from its roles in mRNA, was reduced by ‫%04ف‬ compared with that in maintenance of nucleolar integrity and Pol I tranwild-type cells (Figure 2A ). scription.
The reduced level of rRNA in net 1-1 could result from a reduced rate of transcription or defective processing of pre-rRNA. To distinguish between these possibilities, we Results performed pulse-chase experiments using [ 3 H]-methionine, which has the advantage of being rapidly incorpo-RRN3 Suppresses Temperature Sensitivity of net1 Mutants rated into rRNA through methylation and even more rapidly chased (Warner, 1991) . net1 mutants did not NET1 has been implicated in three potentially distinct cellular processes: mitotic exit, nucleolar silencing, and exhibit a major defect in 35S, 27S, and 20S pre-rRNA processing ( Figure 2B, lower Figure  2B , lower panel; note the 7-fold longer exposure time net1-1 cells grow slowly, and net1⌬ cells fail to grow at 37ЊC, which could result from improper mitosis, an for net1⌬), which could result from reduced rRNA methylation or transcription. We therefore repeated the abnormal nucleolus, or defects in some other unknown functions of NET1. To distinguish between these possipulse-chase experiment using [ 3 H]-uracil and adjusted exposure time such that the labeling of tRNA (synthebilities, we screened a CEN/ARS-based yeast genomic library to identify genes that rescued the ts growth desized by Pol III) was approximately equivalent. In net1 mutants, mature 25S and 18S rRNA transcripts were fect of net1-1. In addition to NET1, this effort yielded RRN3 ( Figure 1A; Figure 1B) . The level of Rrn3 protein in net1 mutants was not diminished at 25ЊC or ment displayed a less severe defect in rRNA synthesis than the net1-1 cells. In our experience, the slow-growth 37ЊC ( Figure 1C) , suggesting that the ts growth defects of net1 mutants did not result from reduced amounts phenotype of net1⌬ cells was neither uniform nor stable: The two net1⌬ spores from a single tetrad frequently of Rrn3.
It is unlikely that RRN3 suppressed the growth defect displayed unequal growth rates, and upon subculturing, net1⌬ cells always began to grow faster (W.S., data not of net1 mutants by restoring nucleolar silencing because a lack of silencing in sir2⌬ does not affect growth. It is shown). Thus, it is possible that net1⌬ cells accumulated second site mutations more efficiently than net1-1 or also unlikely that suppression involved mitotic exit, since in the presence of [RRN3], net1-1 still bypassed acquired more rDNA repeats through mitotic recombination to compensate for the severe reduction in rRNA cdc15⌬ (W.S., data not shown). Nop1, a protein involved synthesis. In addition to a reduced rate of rRNA synthestaining pattern in wild-type cells, it was partially delosis, subtle defects in rRNA processing were evident in calized in net1-1 and net1⌬ mutants ( Figure 3A ). net1 cells: 27S pre-RNA persisted longer in net1-1, and Because Net1 was required for the proper localization an aberrant band appeared above 25S rRNA at later of both A190 and Nop1, we asked whether Net1 physitime points in both net1 mutants ( Figure 2C ). However, cally associates with them. Extract prepared from the abundance of the processing intermediates was low MYC9-NET1 cells was purified on 9E10 antibody resins, compared with that of mature rRNA products. Thus, and bound proteins were detected by immunoblotting. both net1⌬ and net1-1 mutants exhibit a major defect Besides Sir2 (data not shown; Straight et al., 1999), A190 in rRNA synthesis, but not processing.
but not Nop1 was specifically recovered in association with Myc9-Net1 ( Figure 4A, lanes 3 and 4) . Mass spectrometry-based sequencing of Net1-associated proNet1 Retains the A190 Subunit of Pol I in the Nucleolus teins confirmed that other subunits of Pol I coimmunoReduced transcription of rRNA is indicative of diminprecipitated with Net1, suggesting that Net1 binds the ished activity of the Pol I transcriptional machinery in intact Pol I holoenzyme (R.A. and A. Shevchenko, unnet1 mutants, which could result from reduced protein published data). levels, mislocalization, or inactivity of Pol I itself.
To determine whether Net1 binds directly to Pol I, Whereas the level of A190 was slightly reduced in net1⌬, we attempted to reconstitute the association of these it was normal in net1-1 cells ( Figure 3E FISH; Guacci et al., 1994) . Whereas wildby a loss of Sir2 function within the nucleolus. However, this is clearly not the case because net1 cells had either type cells displayed line-shaped rDNA that appeared to be spooled away from the focus of 4Ј,6-diamidino-2-distinct or more severe phenotypes than sir2⌬ in all assays that were conducted. First, unlike in net1 mutants, accumulation of rRNA was normal in sir2⌬ ( Figure  2A) . Second, A190, Nop1, Nop2, and Fpr3 displayed normal (or nearly normal) nucleolar localization patterns in sir2⌬ (Figures 3A-3D) . Third, rDNA in sir2⌬ cells, as revealed by FISH, displayed considerable heterogeneity and seemed to be less compact than that in wild-type or net1-1 cells ( Figure 3F ). Thus, Net1 and Sir2 regulated nucleolar structure and function in distinct ways.
The TAB6-1 Allele of CDC14 Bypasses tem1⌬ and cdc15⌬
The pleiotropic defects of the nucleolus in net1 mutants add a confounding twist to the RENT control hypothesis. We originally proposed that Tem1-dependent disassembly of the RENT complex and the subsequent release of Cdc14 from the nucleolus drive cells from mitosis to be dominant. Based on this reasoning, we tested dominant mutants recovered in our earlier tab screen and found that the dominant TAB6-1 mutation demonstrated and Cdc14
TAB6
. Whereas purified Cdc14 TAB6 had nearly tight linkage to CDC14 (zero recombinants in thirty wild-type levels of phosphatase activity toward p-nitrospores tested). Importantly, cloned CDC14 sequence phenyl phosphate and tyrosine-phosphorylated myelin amplified from TAB6-1, but not wild-type cells, allowed basic protein ( Figure 7A ), it was bound less efficiently bypass of tem1⌬ (Figure 6A ), confirming that TAB6-1 is ( Figure 7C ) and was ‫-41ف‬fold less sensitive to inhibition allelic to CDC14. The TAB6-1 allele contained a Pro 
TAB6-1 cells grow much better than net1-1 cells (Figure et al., 1999). The first two functions of RENT are well documented and derive from the ability of Net1 to tether 7E). CDC14
TAB6 cells appeared to have a normal nucleolus by three distinct criteria: The localization patterns both Cdc14 and Sir2 to the nucleolus, respectively. Besides these phenotypes, we show here that net1 muof A190, Nop1, Nop2, and Fpr3 ( Figures 3A-3D) , the morphology of rDNA (Figure 3F) , and the levels of rRNA tants also exhibit delocalization of the A190 subunit of Pol I, a decreased rate of rRNA synthesis, and a reduced accumulation (Figure 2A) were all indistinguishable in TAB6-1 and wild-type cells. These observations imply level of rRNA accumulation. The role of Net1 in Pol I-dependent rDNA expression is likely to be distinct from that regulation of nucleolar processes by Net1 was important for normal rates of cell growth, that bypass of the nucleolar silencing and cell cycle control functions of RENT because cdc14 ts and sir2⌬ mutants do not exhibit cdc15⌬ and tem1⌬ by TAB6-1 was not sustained by a general perturbation of nucleolar structure, and that defects in accumulation of rRNA. A simple model accommodating our data is that Net1 promotes expression ectopic release of Cdc14 from the nucleolus was sufficient for bypass. These data further imply that the nucleof rDNA by helping to tether Pol I within the nucleolus. This hypothesis is supported by three lines of evidence. olar defects of net1 mutants were not caused by weakened interaction between Net1 and Cdc14. Thus, First, a Pol I subunit coimmunoprecipitates with Net1 from cell extracts. Second, purified Net1 binds purified CDC14 TAB6-1 uncoupled the cell cycle and nucleolar functions of the RENT complex by affecting the former withPol I in vitro and stimulates its activity at near equimolar ratio. Third, a CEN/ARS plasmid expressing Rrn3, a reout interfering with the latter. cruitment factor for Pol I promoter, is sufficient to suppress the ts growth defect of both net1-1 and net1⌬. mM NaCl, 0.1 mg/ml BSA, 2 mM EDTA, 1 mM DTT) for 1 hr. was fractionated on a 1.5% agarose gel containing formaldehyde, After incubation, beads were washed six times with Buffer R and stained with ethidium bromide, and quantitated using the Alpha one time with Buffer A and were split into two 20 l aliquots; 150 Image 2000 system. The actin probe in Northern blotting was generng of purified Pol I, either HA tagged at the A135 subunit or untagged, ated by polymerase chain reaction using primers CCAATTGCTCGA in Buffer A was added to each aliquot, respectively, and the beads GAGATTTCT and AGTGATGACTTGACCATC. Random priming was were incubated for 1 hr. After incubation, the beads were washed performed with the Megaprime DNA labeling system (Amersham, six times with Buffer R and one time with Buffer A; 150 ng of Myc9-Arlington Heights, IL). Quantitation was done on a Quantity One Net1 purified from insect cells was added to each aliquot and incuPhosphorimager (Bio-Rad, Hercules, CA). bated for an additional hour. The beads were washed ten times with Buffer R and two times with Buffer A. Twenty microliters of 2 ϫ SDS sample buffer was added to each aliquot and boiled, and 9 l was Pulse-Chase Labeling of rRNA Pulse-chase labeling and analysis of rRNA was carried out essenloaded on an 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel for further analysis. tially as described (Udem and Warner, 1972; Warner, 1991; Powers and Walter, 1999) . Briefly, cultures were grown in minimal medium Other procedures were described previously ( 
